Introduction
All polypeptides synthesized by the ribosome pass through the nascent-peptide exit tunnel (NPET), which originates at the peptidyl transferase centre (PTC), spans the body of the large ribosomal subunit, and opens at its opposite side. Although viewed initially as an inert hole, the tunnel is recognized now as an important functional entity of the ribosome. In particular, the tunnel has a central function in the remarkable ability of the ribosome to sense the structure of the nascent peptide and modulate the progression of protein synthesis in response to specific nascent-peptide sequences (Tenson and Ehrenberg, 2002; Jenni and Ban, 2003) . Nonetheless, despite the functional significance, nascent-peptide recognition and the ensuing ribosomal response remain among the least understood fundamental properties of the ribosome.
The nascent-peptide-dependent ribosome response is often manifested in the form of translation arrest, referred to as 'ribosome stalling,' that controls expression of a number of bacterial and eukaryotic genes (Morris and Geballe, 2000; Gong and Yanofsky, 2002; Nakatogawa and Ito, 2002; Fang et al, 2004; Chiba et al, 2009; Tanner et al, 2009) . In an important class of genes regulated by this mechanism are those conferring antibiotic resistance, in particular, inducible erm genes that protect bacteria from macrolide antibiotics (Weisblum, 1995; Ramu et al, 2009 ). The prototype macrolide erythromycin and its derivatives bind in the ribosome exit tunnel and inhibit translation by obstructing the tunnel (Schlunzen et al, 2001; Tu et al, 2005) . The methyltransferase encoded in the erm genes renders cells drug resistant by methylating 23S rRNA in the macrolide-binding site. Expression of the ermC gene (the most extensively analysed member of the erm family) is activated in the presence of erythromycin because of nascent-peptide-dependent ribosome stalling at the ninth codon of the 19-codon regulatory ORF ermCL located upstream of ermC ( Figure 1A ). The formation of stalled ribosome complex (SRC) triggers rearrangement of the mRNA secondary structure, resulting in activation of ermC translation (Gryczan et al, 1980; Horinouchi and Weisblum, 1980) . The ribosome stalled at the ermCL ORF carries peptidyl-tRNA with the 9-amino-acid nascent-peptide MGIFSIFVI, whose C-terminal 4-amino-acid sequence, IFVI, is critical for stalling. Through a poorly understood mechanism, the presence of this sequence and the inducing antibiotic in the exit tunnel induces an allosteric change in the PTC, which leads to arrest of translation because the stalled ribosome is unable to catalyse formation of the next peptide bond (Vazquez-Laslop et al, 2008) .
Besides ermC, expression of several other erm genes is also controlled by drug-and nascent-peptide-dependent translation arrest (Murphy, 1985; Hue and Bechhofer, 1992; Kwon et al, 2006) . The sequences of the peptides encoded in regulatory ORFs of various inducible erm genes exhibit considerable variation (reviewed in Ramu et al, 2009) . Almost nothing is known about molecular mechanisms of the ribosomal stalling during translation of these diverse leader peptides; it is even unclear whether related or different ribosomal elements are engaged in response to regulatory peptides of different erm genes.
The phenomenon of gene regulation through programmed, nascent-peptide-dependent ribosome stalling expands beyond antibiotic resistance genes. In Escherichia coli, the nascent-peptide-controlled translation arrest at the secM ORF activates expression of the secA gene, whereas ribosome stalling at the tnaC ORF regulates expression of the tryptophanase operon (Gong and Yanofsky, 2002; Nakatogawa and Ito, 2002) . In both cases, the details of the nascent-peptide recognition in the NPET remain elusive, although the PTC emerges as the universal destination site of the stalling signal (Ito et al, 2010) .
Biochemical and structural analyses reveal the ribosome as an RNA machine. The major functional centres of the ribosome, such as decoding and PTCs, are built of rRNA (Noller, 1991; Ramakrishnan, 2002) . Although the extensions of several ribosomal proteins (L4, L22, L23) reach the exit tunnel, the walls of the NPET are formed primarily of rRNA residues, suggesting that rRNA-based mechanisms should have a central function in the nascent-peptide recognition and response. This notion is further supported by the clustering of modified nucleotides around the tunnel. About onethird of the posttranscriptionally modified residues in rRNA of the bacterial large ribosomal subunit are found in the vicinity of the NPET (Chow et al, 2007) . Such conspicuous congregation of modified nucleotides close to the nascentpeptide passage strongly points to their possible involvement in functional interactions with the protein being made. However, until now, only sketchy data are available about function of rRNA in the nascent-peptide-mediated modulation of translation, and no evidence revealing physiological significance of posttranscriptional modifications in the ribosome tunnel has been obtained.
Several rRNA mutations that affect activation of expression of genes controlled by secM or tnaC ORFs have been mapped (Nakatogawa and Ito, 2002; Cruz-Vera et al, 2005; Lawrence et al, 2008; Yang et al, 2009 ). Yet, the lack of direct evidence that rRNA mutations prevent ribosome stalling makes interpretation of the data difficult.
Importantly, it is essentially unknown how the information about the presence of the stalling peptide sequence in the tunnel is communicated to the PTC. Recent cryo-EM reconstructions of the ribosome stalled at tnaC showed proximity of the nascent peptide to certain rRNA residues in the exit tunnel and allowed proposal of several putative routes that could relay the stalling signal from the NPET to the PTC (Seidelt et al, 2009) . Unfortunately, the available data do not allow differentiation between alternative pathways. Furthermore, mere proximity of a nascent peptide to a certain rRNA nucleotide in the tunnel does not necessarily reveal functional interaction.
In our previous work, we identified a conserved 23S rRNA residue, A2062, located in the PTC-proximal segment of the NPET as a key component of the ErmCL-peptide-sensing mechanism (Vazquez-Laslop et al, 2008) . The mutations of A2062 prevented ermC induction by interfering with ErmCLdependent ribosome stalling. We showed that conformational rearrangement of A2062, induced by its interaction with the ErmCL nascent peptide in the tunnel constricted by erythromycin, must be somehow relayed to the PTC in order to trigger translation arrest (Vazquez-Laslop et al, 2008) . However, the mechanism of communication between the tunnel and the PTC, which is central to the nascent-peptidemediated ribosome response, was not identified, although several putative signal-relay pathways have been proposed The structure of the inducible ermC operon where the ermC gene is preceded by a regulatory ORF ermCL. Drug-and nascent-peptidedependent ribosome stalling at ermCL ORF changes the conformation of the mRNA intergenic region (schematically shown as a two-hairpin structure), thereby releasing translational attenuation of ermC. (B, C) Erythromycin and the ErmCL nascent peptide in the ribosome exit tunnel (viewed from the PTC down the tunnel). In the vacant tunnel (B), the nascent-peptide sensor, A2062, is free to rotate into the tunnel lumen. Binding of antibiotic ('ERY') narrows the tunnel (C). In the constricted tunnel, the ErmCL nascent peptide drives A2062 toward the tunnel wall, where it comes into close proximity to A2503. (D) Conformational flexibility of A2062. The orientations of the A2062 base are shown for the apo structure of the Haloarcula marismortui 50S ribosomal subunit (blue) (PDB accession number 3CC2) (Blaha et al, 2008) and for the 50S subunit complexed with a transition state analog (biege) (1VQ7) (Schmeing et al, 2005) . The A2503 base is coloured red. A possible hydrogen bond between A2062 and A2503 is indicated by a dashed line.
Here, we present biochemical, genetic, and structural evidence that conserved and posttranscriptionally modified 23S rRNA residue m 2 A2503 has a key function in the molecular mechanism of the nascent-peptide recognition and response. We demonstrate that m 2 A2503 may act in concert with A2062 in relaying the signal from the exit tunnel to the peptidyl transferase active site and that this mechanism enables the ribosomal response to ErmCL and several other stalling nascent peptides. Furthermore, we show that posttranscriptional modification of A2503 is important for its functions in the nascent-peptide response mechanism, thereby presenting the first example of participation of a posttranscriptional modification in modulating functional interactions between the ribosome and the polypeptide in the exit tunnel.
Results
Our previous studies of nascent-peptide-dependent ribosome stalling at the ermCL regulatory ORF of the ermC gene revealed the critical importance of the 23S rRNA residue A2062 as a nascent-peptide sensor. It remained unclear, however, how the stalling signal, sensed by A2062, is transmitted to the PTC. A2062 is one of the most flexible nucleotides in the NPET (Fulle and Gohlke, 2009) , and in various ribosomal crystallographic complexes it is seen in dramatically different conformations (Hansen et al, 2002; Blaha et al, 2008; Voorhees et al, 2009 ). In the vacant NPET, A2062 base can protrude into the tunnel lumen but must move closer to the tunnel wall when erythromycin and the ErmCL nascent peptide fill the tunnel ( Figure 1B and C). This rearrangement places A2062 into immediate proximity to another 23S rRNA residue, A2503. The distance between the N7 atom of A2062 and the exocyclic amino group of A2503 can be as little as 2.9 Å , consistent with the formation of a hydrogen bond between these two bases Blaha et al, 2008) ( Figure 1D ). A2503 is located in the NPET, but its immediate nucleotide neighbours reach into the active site of the PTC. Like most of the known functionally important nucleotides, A2503 is highly conserved (499% conservation in bacteria and eukarya). Furthermore, in E. coli, A2503 is one of the few 23S rRNA residues that are posttranscriptionally modified; this underscores its potential functional significance in the ribosome. The conservation of A2503, its posttranscriptional modification, and its location within the ribosome make this rRNA residue a suitable candidate to have a central function in relaying the stalling signal from the nascent peptide in the NPET to the PTC. To test this hypothesis, we first asked whether posttranscriptional modification of A2503 in 23S rRNA affects inducible expression of the ermC gene.
Indigenous posttranscriptional modification of A2503 modulates the ribosomal response to the nascent peptide A2503 in 23S rRNA of E. coli and other bacteria is posttranscriptionally methylated at the C2 atom because of the action of RlmN methyltransferase (Toh et al, 2008) . The lack of this modification has little effect upon cell growth in rich media, although rlmN À cells slowly lose to wild type in a cogrowth competition. To test the effect of A2503 modification upon erythromycin-and nascent-peptide-dependent induction of ermC, the rlmN gene was deleted from the chromosome of the antibiotic-hypersensitive acrB À E. coli strain. The lack of A2503 posttranscriptional modification did not influence interaction of erythromycin with its ribosomal target: ribosomes isolated from rlmN þ and rlmN À strains bound erythromycin with the same affinity (K D , 0.18±0.03 mM) (see Supplementary Information for experimental details). In agreement with this observation, the untransformed rlmN þ and rlmN À strains showed comparable sensitivity to erythromycin in the broth dilution assay (MIC 1.5-2 mg/ml, Supplementary Table S1 ). When a constitutively expressed ermC gene was introduced into these two strains on a pErmCTP plasmid, the erythromycin MIC increased to 2 mg/ml but, again, remained the same for both strains. This demonstrates that the lack of A2503 modification does not affect ermC translation or binding of the drug to the ribosome.
The rlmN þ and rlmN À strains were then transformed with the plasmid pErmCT, encoding the inducible ermC operon. Strikingly, in this case, a four-fold higher concentration of erythromycin in the liquid media was required to inhibit growth of rlmN þ compared with the rlmN À strain (Supplementary Table S1 ), indicating that rlmN þ cells more readily activate expression of the inducible ermC. This observation was further confirmed by the E-test, in which cells are exposed to a gradient of erythromycin concentrations on agar plates. Expression of the inducible ermC gene made the rlmN þ cells resistant to a notably higher concentration of erythromycin as compared with the rlmN À strain ( Figure 2A ).
As this effect was restricted exclusively to the inducible ermC, these data suggest that it is the induction of the ermC expression rather than its translation per se that is affected by the lack of posttranscriptional modification at A2503. We further verified this conclusion by following the kinetics of ermC induction. ErmC catalyses dimethylation of A2058 in 23S rRNA, and the presence of m 6 2 A2058 can be monitored by primer extension. After addition of a subinhibitory concentration of erythromycin (32 mg/ml) to early exponential cells carrying the inducible ermC operon, the level of A2058 dimethylation increased significantly more rapidly in the rlmN þ cells compared with the rlmN À mutant, indicating a more rapid activation of ermC expression ( Figure  2B and C). This effect was paralleled by a faster resumption of growth of the rlmN þ versus the rlmN À cells upon exposure to erythromycin (Supplementary Figure S1 ). As induction of ermC expression by erythromycin is controlled by nascentpeptide-dependent ribosome stalling, these data argue that posttranscriptional modification of A2503 to m 2 A by RlmN methyltransferase affects the ability of the ribosome to respond to the stalling signal encoded in the ErmCL nascent peptide.
Mutation of A2503 abolishes expression of the ermC-based reporter
Having discovered that the lack of posttranscriptional modification of A2503 interferes with the nascent-peptide recognition, we then tested what effect a more dramatic change in the structure of A2503, more specifically the base mutation, would have upon the ribosomal response to the stalling nascent peptide. Out of the three possible mutations of A2503, only the G mutant was able to support cell growth in the absence of wild-type ribosomes. This mutation was expressed in the engineered SQK15 E. coli strain that lacks chromosomal rrn alleles and in which rRNA is expressed from a plasmid-borne rRNA operon (Asai et al, 1999) . In addition, the SQK15 strain is capable of a-complementation, which allows for the use of the reporter pZa101tet where ribosome stalling at the ermCL ORF activates expression of the b-galactosidase a-peptide (Bailey et al, 2008) (Figure 3A) . In X-Gal-and IPTG-containing plates, SQK15 cells with wildtype ribosomes formed a bright blue halo around the erythromycin disk, showing drug-induced activation of the reporter expression. In contrast, the A2503G mutant showed no blue halo, indicating that the rRNA mutation interfered with the induction mechanism ( Figure 3B ). This qualitative observation was verified by measuring the level of b-galactosidase activity in lysates of cells with wild-type or mutant ribosomes exposed to inducing concentrations of the antibiotic: the mutation of A2503, similar to the A2062 mutations, completely suppressed drug-and nascent-peptide-dependent induction of the ermC-based lacZ reporter ( Figure 3C) . Mutations of several other tested nucleotides in the vicinity of A2062, including residues U2586, U2609, and 750 loop implicated by previous studies in ribosomal response to SecM or TnaC stalling peptides, had little if any effect upon the reporter expression (Supplementary Figure S2 and Table S2 ). Thus, A2503 emerged as a major player in ribosomal response to the ErmCL nascent peptide. À (D) cells carrying inducible ermC were induced with 32 mg/ml erythromycin, and the extent of ErmC-catalysed A2058 dimethylation in 23S rRNA at specified time points was analysed by primer extension. In the presence of ddGTP terminator, reverse transcriptase stops at the dimethylated A2058 but advances to C2055 when A2058 remains unmodified. (C) Quantification of the intensities of the primer-extension bands on the gel shown in (B), representing the fraction of the modified 23S rRNA.
Mutations at A2503 completely prevent ribosome stalling at the ermCL leader ORF Nascent-peptide-dependent induction of a plasmid-borne reporter in vivo is a complex process. Hypothetically, the rRNA mutations may modulate various aspects of the reporter expression. Therefore, it was important to test whether the mutation at A2503 specifically affects the nascent-peptidedependent ribosome stalling. Having verified that the isolated wild-type and mutant ribosomes were active in in vitro protein synthesis (Supplementary Figure S3) and readily able to bind erythromycin as can be judged from the MIC values (Supplementary Table S2 ), we tested their capacity to form SRC at the ermCL ORF by toeprinting assay (Hartz et al, 1988; Muto et al, 2006; Vazquez-Laslop et al, 2008) . The ermCL template was translated by wild-type or mutant ribosomes in the absence or presence of erythromycin, and formation of the stalled complex was detected by extension of a primer annealed to mRNA downstream of the stalling site (Figure 4 ). In agreement with our previous findings (Vazquez-Laslop et al, 2008), wild-type ribosomes readily formed SRC at the ninth (Ile) codon of the ermCL gene in the presence of erythromycin as revealed by the appearance of a characteristic toeprint band on the primer-extension gel. In contrast, neither the A2503G mutant ribosomes nor (as we previously determined) the A2062U ribosomes were able to form the stalled complex. As erythromycin was used at a concentration sufficient to saturate binding to wild-type and mutant ribosomes, the most plausible explanation of this result is that A2503 as well as A2062 are directly involved in the formation of SRC in response to the presence of erythromycin and the ErmCL stalling peptide in the tunnel.
A2503 acts in concert with A2062 in nascent-peptidedependent ribosome stalling
Mutations of rRNA residues m 2 A2503 and A2062, located close to each other in the NPET, abolish ribosome stalling at the ermCL ORF. Do these residues act as independent sensors of the peptide or do they operate as a part of a common sensory/signal transduction pathway? In the former case, importance of each of these nucleotides in the ribosomal response to different stalling peptides might be peptide specific. In the latter scenario, the effect of mutations at one position should always parallel the effect of mutations at the other residue. To distinguish between these possibilities, we studied the effects of mutations at A2062 and A2503 upon SRC formation at a variety of regulatory ORFs.
The macrolide resistance genes ermA, ermB, and ermD are preceded by regulatory ORFs ermAL1, ermBL, and ermDL, respectively (reviewed in Ramu et al, 2009) , and genetic evidence implicates drug-and nascent-peptide-dependent ribosome stalling in the mechanism of induction (Horinouchi and Weisblum, 1980; Murphy, 1985; Kwak et al, 1991; Hue and Bechhofer, 1992; Kwon et al, 2006; Min et al, 2008) . The amino-acid sequences of the peptides encoded in these regulatory ORFs show considerable variation compared with ErmCL (Figure 4 ). In the cell-free translation reaction driven by wild-type ribosomes, erythromycin-dependent SRC formation could be clearly detected at the Val 8 codon of ermAL1, the Leu 7 codon of ermBL, and the Asp 10 codon of ermDL (Figure 4) . When wild-type ribosomes were substituted with the mutant ones, we observed that the A2062U or A2503G mutations completely abolished formation of the stalled complex at the ermAL1 ORF. Strikingly, however, neither the mutation at A2062 nor the mutation at A2503 had any effect upon stalling at the two other tested ORFs, ermBL or ermDL (Figure 4) .
We further investigated how the A2062U and A2503G mutations affect drug-independent ribosome stalling. Specifically, we tested whether these mutations influence the ability of the ribosome to respond to the SecM or TnaC stalling nascent peptides. In agreement with previous findings, toeprinting analysis showed formation of SRC at the Pro 24 codon of the tnaC ORF; as expected, SRC formation was stimulated by 5 mM tryptophan, showing that the properties of the in vitro-formed SRC are similar to those of the stalled complex formed in vivo (Gong and Yanofsky, 2002) . Remarkably, the SRC at the 24th codon of tnaC formed irrespective of whether tnaC ORF was translated by wild-type or mutant (A2062U or A2503G) ribosomes (Figure 4) . In contrast, mutations A2062U and A2503G completely abolished ribosome stalling at the Gly 165 codon of secM (Figure 4) , the known stalling site in the secM gene (Muto et al, 2006) .
As the mutations at A2062 and A2503 exert a strictly parallel effect upon the translation arrest directed by different stalling peptides, these results argue that both residues may act as components of the same sensory/signalling pathway in the ribosome.
Discussion
Our experiments identified one of the key components of the molecular mechanism used by the ribosome to halt translation in response to specific nascent peptides. We showed that universally conserved and posttranscriptionally modified 23S rRNA nucleotide A2503 may act in conjunction with another conserved residue, A2062, to sense the presence of specific nascent-peptide sequences in the ribosome exit tunnel and relay the translation arrest signal to the PTC.
Function of A2503 in the ribosomal response to the stalling nascent peptide A2503 is essentially invariant in bacterial and eukaryotic cytoplasmic ribosomes. Yet, despite the extreme degree of its evolutionary conservation, which points to its functional significance, the function of this residue in the ribosome remained elusive. A2503 is located at the wall of the NPET close to the PTC active site. Although this rRNA resides outside the catalytic centre, alterations in the A2503 structure directly influence the properties of the PTC. Indeed, an extra methyl group added to the C8 position of this already naturally modified nucleotide by Cfr methyltransferase renders cells resistant to an array of antibiotics that bind in the peptidyl transferase A site (Kehrenberg et al, 2005; Smith and Mankin, 2008; Giessing et al, 2009) . The structural and functional link of A2503 to the PTC active site is likely used in a signal-relay mechanism that operates between the NPET and PTC.
A2503 belongs to an exquisite group of 25 naturally posttranscriptionally modified residues in the 2904-nucleotide E. coli 23S rRNA. Of these 25 nucleotides, 14 are chemically altered by methylation. Of these 14, the only rRNA nucleotide methylated at a carbon centre is m Toeprinting analysis of the effects of rRNA mutations on nascent-peptide-dependent ribosome stalling. The regulatory ORF templates were translated in a cell-free translation system under either the nonstalling or stalling conditions, and formation of the stalled complex was monitored by primer extension. Ribosome stalling signals on the gels and corresponding sequences are indicated by arrows. The codon located in the P site of the stalled ribosome is boxed. Addition of erythromycin (Ery) is necessary to cause ribosome stalling during translation of the leader erm templates (ermCL, ermAL1, ermBL, and ermDL). Thiostrepton (Ths), an inhibitor of translation, was added to the indicated reactions directed by the secM and tnaC templates to demonstrate that appearance of toeprint signals on these cistrons depends on their active translation. Sequencing lanes are marked. Quantification of the normalized relative intensity of the stalling signal band is shown in the bar graph. The complete nucleotide sequences of the ORFs used in cell-free translation and the amino-acid sequences of the encoded peptides are shown below the gels. Stop codons are indicated by triangles. The ORFs marked with asterisks have been modified from the original wild-type versions by truncating the 5 0 end (secM) or 3 0 end (ermCL and ermBL).
Although abolishing the C2 methylation at A2503 causes only a minor growth defect (Toh et al, 2008) , cells with unmodified A2503 activate expression of the inducible ermC gene at a much slower rate compared with the wildtype control ( Figure 3B and C) and achieve a lower level of erythromycin resistance. As neither affinity of erythromycin to the ribosome nor translation of the constitutive ermC is affected, ribosomes lacking the modification at A2503 must be impaired in recognition and response to the stalling signal encoded in the ErmCL peptide. We believe that this result represents the first demonstration of the possible function of a posttranscriptional rRNA modification in interactions between the ribosome and the nascent peptide. A similar functional mission could be envisioned for the modifications of other rRNA residues in the NPET.
The C2 methylation does not dramatically alter chemical properties of the adenine base but is expected to distort syn-anti equilibrium of the adenine base in favour of the anti conformation. Notably, although in most reported ribosomal crystallographic structures adenine 2503 is in syn configuration, in some 70S ribosome complexes it appears in anti conformation (Petry et al, 2005; Jenner et al, 2007) ( Figure 5A ). This indicates that both orientations of the base are generally allowed in the context of the ribosome structure. It is conceivable that under special circumstances, for example, when a specific nascent peptide is present in the NPET, the C2 methylation may facilitate rotation of the A2503 base into an anti conformation (see below).
One of the important aspects of our findings is the strikingly parallel effect of A2503 and A2062 mutations upon the ribosomal ability to respond to a regulatory peptide. If a mutation at one of the rRNA residues prevents stalling at a specific ORF (ermCL, ermAL1, secM), then mutation at the other position would also abolish such stalling; if, on the other hand, translation arrest is insensitive to a mutation at either A2503 or A2062, then altering the second nucleotide also has no effect upon stalling (ermBL, ermDL, tnaC). These observations, as well as close proximity of the two residues in the ribosome tertiary structure, argue that both nucleotides could be part of the same nascent-peptide response mechanism and may operate in a concerted manner, like a single sensory/communication module.
The location of A2062 and m 2 A2503-in the NPET close to the PTC-is suitable for these rRNA residues to serve the function of nascent-peptide sentinels. We envision the following mode of operation of the nascent-peptide sensory/ response mechanism based on engagement of these nucleotides. Although A2062 is directly exposed in the tunnel, m 2 A2503 is less accessible and additionally shielded by antibiotic binding. Therefore, although A2062 has the function of primary sensor of the nascent peptide, m 2 A2503 likely relays the stalling signal to the PTC. In the absence of a macrolide antibiotic, the tunnel's aperture is sufficiently wide for the unfolded nascent peptide to avoid steric clash with A2062 even when the adenine base projects into the lumen of the tunnel ( Figure 1B ). Binding of a macrolide antibiotic narrows the tunnel ( Figure 1C ) and leaves such a small space for the peptide that its close encounter with A2062 becomes unavoidable. (In the case of SecM, an unusually contorted conformation of the nascent peptide (Woolhead et al, 2006; Yap and Bernstein, 2009) in the absence of a drug bound in the tunnel may cause a similar effect.) Steric clash with the nascent-peptide chain would force the A2062 base to rotate closer to the wall. Sequence-specific contacts with the critical C-terminal amino acids of the peptide likely coerce A2062 to adopt a conformation that not only brings it in (Jenner et al, 2005; Voorhees et al, 2009) . (B) Molecular interactions leading to programmed ribosome stalling. The 9-amino-acid ErmCL nascent peptide was modelled in the exit tunnel of the T. thermophilus 70S ribosome (pdb accession number 2WDL) according to Tu et al (2005) and energy minimized. Erythromycin was docked by aligning the T. thermophilus structure, with the structure of H. marismortui 50S subunit complexed with erythromycin (1YI2; Tu et al, 2005) . In the ribosome stalled at the ermCL ORF, the 9-aminoacid ErmCL nascent peptide (green, sticks and semitransparent surface) esterifies tRNA bound in the ribosomal P site (only the 3 0 adenosine of the peptidyl-tRNA is shown). The presence of erythromycin (cyan, sticks and mesh) in the tunnel constrains the peptide placement, compelling the critical C-terminal sequence of the peptide (dark green) to come into direct contact with the A2062 base (red) and forcing it into a conformation where it would clash with m 2 A2503 (red). Reorientation of m 2 A2503, possibly facilitated by posttranscriptional methylation at C2 (ball), is then communicated to the PTC active site. Change in the position of G2061 and/or U2504 (pseudouridine, C, in E. coli) (both shown in gold) will likely change the opening of the A2451/C2452 (blue) A-site cavity and prevent proper accommodation of the aminoacyl moiety of the A-site aminoacyl-tRNA (purple). proximity to m 2 A2503 but also leads to displacement of the m 2 A2503 base, possibly involving a syn-anti transition facilitated by the presence of a posttranscriptionally added C2-methyl group.
The nascent-peptide-dependent translation arrest results from failure of the PTC to catalyse peptide bond formation (or, in the case of tnaC, peptide release) (Gong and Yanofsky, 2002; Muto et al, 2006; Vazquez-Laslop et al, 2008) . There are several scenarios that could explain how the stalling signal relayed through m 2 A2503 to the PTC active site can inhibit catalysis ( Figure 5B ). G2061 is an important component of the PTC catalytic centre. It is hydrogen bonded to A2451, a key constituent of the A-site amino-acid-binding pocket Schmeing et al, 2005) and may also directly interact with the aminoacyl moiety of the A-sitebound aminoacyl-tRNA (Bogdanov, 2003) . Even a small shift in the position of G2061 is likely to result in disruption of the PTC activities (Bayfield et al, 2001 ). In the active conformation, the base of G2061 is arranged parallel to syn adenine 2503. Changing the precise placement of m 2 A2503 (e.g. rotating its base from syn to trans orientation) and additionally rearranging the G2061 neighbour A2062 would displace G2061, resulting in inactive conformation of the PTC active site.
Another, but not necessarily alternative, scenario involves the immediate neighbour of m 2 A2503, U2504 (which in E. coli is posttranscriptionally converted to pseudouridine). The exact position of this residue was proposed to control the opening of the cavity formed by the splayed out bases of A2451 and C2452 where the side chain of the A-site amino acid binds (Gurel et al, 2009) . It is easy to envision how reorientation of m 2 A2503 can displace U2504 and prevent the A-site cavity from accommodating the incoming aminoacyl-tRNA.
The ribosome uses different mechanisms to recognize different stalling peptides
The critical sequences of all of the presently characterized stalling peptides are located at the peptide's C-terminus.
It means that recognition of the translation arrest signal encoded in all these peptides takes place in the 'upper chamber' of the NPET, proximal to the PTC. It was tempting to think that the same universal mechanism accounts for the ribosomal response to the variety of stalling peptides. Therefore, having found that the A2503 and A2062 mutations completely abolished ribosome stalling at the ermCL regulatory ORF (Figure 4) , we anticipated that the mutations of these residues would have a similarly profound effect upon ribosomal response to all the nascent peptides that directly programmed translation arrest. Indeed, erythromycin-dependent stalling at the ermAL1 ORF and drug-independent stalling at the secM ORF were abolished by either A2503 or A2062 mutations. Unexpectedly, however, erythromycindependent stalling at two other erm regulatory ORFs, ermBL and ermDL, as well as translation arrest at the tnaC ORF were not affected (Figure 4 ). This finding provides the first unequivocal evidence that different classes of stalling peptides engage different sensors in the tunnel and possibly activate principally different stalling mechanisms. In this regard, it is worth noting that the putative signal-relay mechanism that operates through m 2 A2503 and A2062 is generally compatible with one of the hypothetical pathways ('R3') proposed to propagate the stalling signal resulting from the presence of TnaC peptide in the ribosome tunnel (Seidelt et al, 2009) . As neither A2503 nor A2062 mutations have any significant effect upon stalling at the tnaC ORF (Figure 4) , our results indicate that this route does not have a major function in sensing TnaC and argue that alternative routes (possibly routes R1 or R2 proposed by Seidelt et al (2009) ) are more important for the ribosomal response to the TnaC peptide. Investigation of the mechanism of the ribosomal response to TnaC, ErmBL, and ErmDL peptides may illuminate both similarities and idiosyncrasies of different ways the ribosome deals with the functional signals encoded in the nascent peptides.
Materials and methods

Time course of induction of ermC-dependent 23S rRNA methylation
The acrB À version of the E. coli strain JM109 and the rlmN À derivative were transformed with the pErmCT plasmid carrying inducible ermC operon under control of the Ptac promoter. The overnight cultures, grown in LB/ampicillin media, were diluted 200-fold in fresh LB media containing 100 mg/ml ampicillin and 0.1 mM IPTG and grown to O.D. 600 ¼ 0.1, at which point the expression of ermC was induced by addition of 32 mg/ml erythromycin. Cells were incubated with shaking at 371C. Aliquots of the cultures (0.5 A 600 ) were withdrawn at specified time points, cells were spun down, and total cellular RNA was extracted using the RNeasy kit (Qiagen). The extent of dimethylation of A2058 in 23S rRNA by ErmC methyltransferase was determined by primer extension, using the primer L2063 (Supplementary Table S3 ) and ddGTP terminator. The amount of radioactivity in the bands in gels was quantified using phosphorimager and plotted.
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